Three dimensional (3D) vertically aligned structures have attracted tremendous attention from scientists in many fields due to their unique properties. In this work, we have built the 3D vertically aligned carbon nanotube (CNT)/NiCo 2 O 4 core/shell nanoarchitecture via a facile electrochemical deposition method followed by subsequent annealing in air. The morphology and structure have been in-depth characterized by SEM, TEM, XRD and Raman spectroscopy. Impressively, when used as the electrode material in a 6 M KOH electrolyte, the vertically aligned CNT/NiCo 2 O 4 core/shell structures exhibit excellent supercapacitive performances, including high specific capacitance, excellent rate capability and good cycle stability. This is due to the unique 3D vertically aligned CNT/NiCo 2 O 4 core/shell structures, which support high electron conductivity, large surface area of NiCo 2 O 4 and fast ion/electron transport in the electrode and at the electrolyte-electrode interface. Furthermore, the synthesis strategy presented here can be easily extended to fabricate other metal oxides with a controlled core/shell structure, which may be a promising facile strategy for high performance supercapacitors, and even advanced Li-ion batteries.
Introduction
Because of the limited availability of fossil fuels and the increasingly urgent concerns about the environmental impact of conventional energy technologies, supercapacitors, also known as electrochemical capacitors, have attracted great attention as "green" and renewable energy storage devices due to their excellent performances, including ultra-high power density, long cycling stability, wide operation temperature range and improved safety.
1-7 However, compared with batteries and fuel cells, supercapacitors have relatively lower energy density, 8 which has restricted their potential applications to certain extent. Therefore, improvement of supercapacitors is crucial to meet the future energy demands. An efficient way is to seek for the novel materials with good capacitive characteristics such as both high energy and power densities.
To date, various materials, including carbonaceous materials, transition metal oxides (TMOs), conductive polymers, and hybrid composites, have been widely studied as electrodes for supercapacitors. have attracted intense attention due to their multiple oxidation states/structures that enable rich redox reactions, high specic capacitance, low cost and environmental friendliness. However, because of the intrinsic poor electrical conductivity and the short diffusion distance of electrolytes, 24 only the surface part of these active materials can effectively contribute to the total capacitance while the underneath part could hardly participate in the electrochemical charge storage process, leading to a less satisfactory performance. 24, 25 Therefore, it is still a great challenge to boost the electrochemical utilization and the specic capacitance of TMOs.
Recently, spinel nickel cobaltite (NiCo 2 O 4 ) has been proved to be a very promising electrode material since it offers many intriguing advantages such as low-cost, abundant resources and environmental friendliness. [26] [27] [28] More signicantly, NiCo 2 O 4 possesses a much better electrical conductivity, at least two orders of magnitude higher, and higher electrochemical activity than nickel oxides and cobalt oxides. 26, 29 These attractive features are benecial to the development of high-performance supercapacitors. It is interesting to note that many efforts have been made to improve the supercapacitive performance of NiCo 2 O 4 through the different methods of adjusting the morphology (nanorods, nanowires, nanoplates and nanoneedles), [30] [31] [32] [33] pore size (micropores and mesoporous) [34] [35] [36] and so forth. However, there are still many challenges for NiCo 2 O 4 -based electrode materials to meet the new and high requirements for future applications. Fortunately, it is reported that the rational design of electrode materials with well-dened micro-/nanostructures is imperative for the further enhancement of the electrochemical properties by improving the kinetics of ion diffusion and electronic conductivity. 2, 26, 37 To the best of our knowledge, there are few reports on the rational design of a homogeneous core/shell NiCo 2 O 4 array for supercapacitors, though the capacitive property of NiCo 2 O 4 has been extensively investigated.
In this work, on the basis of the above considerations, we have built a three dimensional (3D) vertically aligned CNT/ NiCo 2 O 4 core/shell nanoarchitecture electrode via a facile electrochemical deposition method followed by subsequent annealing in air. In this electrode design, vertically aligned highly conductive CNTs are used as the "cores" to support the NiCo 2 O 4 , enhancing its rate capability by shortening the distance for electron transport. Moreover, compared with the common coating electrode used for electrochemical measurement, the 3D vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode is binder-free, which can provide more active sites for the active material to come in contact with the electrolyte. We have further investigated the properties of the 3D vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode for supercapacitors, which exhibits excellent electrochemical characteristics in 6 M KOH solution. Because of the advantages of this structure, such as fast ion and electron transfer, large number of active sites and good strain accommodation, the 3D vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode may have potential applications in supercapacitors and other energy storage devices.
Experimental

Growth of vertically aligned CNTs on stainless steel
Aer sequential ultrasonic cleaning in acetone, isopropyl alcohol and de-ionized water, the round stainless steel (SS) foil with diameters of 1.5 cm were blow-dried by N 2 and baked in an oven. The SS foil was then coated with a TiN barrier layer in an Elite sputtering system, followed by electron beam deposition of the thin Ni layer as a catalyst in an Auto 306, HHV system. Vertically aligned CNT growth was carried out in a Nano Instrument plasma enhanced chemical vapor deposition (PECVD) system at 800 C for 10 min in the atmosphere of 240 sccm NH 3 and 60 sccm C 2 H 2 at the pressure of 9.0 mbar. A radio frequency (RF) electric eld was applied and biased at 700 V in the chamber with a power of 120 W. 
Material characterization and electrochemical measurements
A eld emission scanning electron microscope (FESEM, LEO 1550 GEMINI) was employed to study the morphology of the asprepared samples. Transmission electron microscopy (TEM), high resolution TEM (HRTEM), scanning TEM (STEM) and energy-dispersive X-ray spectroscopy (EDX) mapping were carried out using a JEOL JEM 2100 F. X-ray diffraction (XRD) patterns were collected on powder XRD (Max 18 XCE, Japan) using a Cu Ka source (l ¼ 0.154056 nm). Raman spectra were obtained using a WITec CRM200 Raman system and the 532 nm line of an argon ion laser was used as the excitation source in all the measurements. All electrochemical measurements were carried out using a Solartron (1287 + 1260) electrochemical workstation in an open three-electrode cell system at room temperature. A slice of platinum and a SCE were used as the auxiliary electrode and the reference electrode, respectively. The cyclic voltammetry (CV) tests were measured with the potential window from 0 to 0.5 V (vs. SCE) at different scan rates varying from 5 to 100 mV s À1 . The electrochemical impedance spectroscopy (EIS) plots were tested in the frequency ranging from 100 kHz to 0.05 Hz at open circuit potential with an AC perturbation of 5 mV. Galvanostatic charge/ discharge tests were measured with the constant current density ranging from 1 to 10 A g À1 . The experiments were performed at room temperature in 6.0 M KOH electrolyte solution. The specic capacitance was calculated from the discharge curves by the formula:
The specic energy density and power density are dened respectively by:
and
here, C is the specic capacitance (F g À1 ), I is the constant discharging current (A g À1 ), Dt in s is the discharge time (s), DV is the potential window during the discharge process aer internal resistance (IR) drop (V), m is the total mass of the two electrode materials (g), E is the energy density (W h kg À1 ) and P is the power density (W kg À1 ).
Results and discussion
The co-electrodeposition preparation of spinel NiCo 2 O 4 on the SS substrate-supported vertically aligned CNTs mainly includes a co-electrodeposition step and a post-annealing treatment step. Firstly, the mixed (Ni, Co) hydroxide precursor is co-electrodeposited onto the treated CNT array via a three-electrode system, where the SS substrate-supported vertically aligned CNTs, a slice of platinum and a saturated calomel electrode (SCE) are used as the working, auxiliary and reference electrodes (Fig. 1a) , respectively. In this electrodeposition process, NO 3 À is reduced on the cathodic surface accompanied by the production of OH À ions. Then, the generation of OH À ions raises the pH value in the vicinity of the working electrode, resulting in the uniform precipitation of mixed (Ni, Co) hydroxide on the surface of CNTs. This process may comprise the electrochemical reactions and subsequent precipitation of mixed hydroxide, as described by the following three equations:
Secondly, the green bimetallic (Ni, Co) hydroxide precursor is converted into black spinel NiCo 2 O 4 supported on the CNT array by a simple annealing treatment in air (Fig. 1b and c) as follows:
The phase, crystallinity, and purity of the as-prepared samples are determined by X-ray diffraction (XRD) measurements. Herein, for XRD analysis, the vertically aligned CNT/ NiCo 2 O 4 core/shell structures are scratched from the SS substrate in order to preclude the strong impact of the SS substrate (see ESI Fig. S2 †) . As shown in Fig. 2a, Fig. 2b shows that NiCo 2 O 4 adopts the spinel structure (space group Fd3m) with Ni atoms located in the octahedral sites and Co atoms occupying both octahedral and tetrahedral sites, which provides a 3D network of tunnels for ion diffusion. Furthermore, Raman spectroscopy is also used to characterize the phase composition of the CNT/NiCo 2 O 4 core/shell array structure. As seen in ESI Fig. S3, † 
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Field emission scanning electron microscopy (FESEM) is used to study the surface morphology of the prepared 3D vertically aligned CNT/NiCo 2 O 4 core/shell structures. As shown in Fig. 3a , the CNTs grown on the SS substrate are homogeneously aligned and separated apart adequately, forming a unique nanoarray. Moreover, as can be seen from the inset of Fig. 3a , the surface of the CNTs is smooth and the diameter of CNTs is around 80-150 nm. Aer the electrodeposition and annealing process, the surface of the CNT array is fully covered by the NiCo 2 O 4 layer (Fig. 3b and c) , forming a vertically aligned CNT/NiCo 2 O 4 core/shell structure. In addition, the highmagnication image (Fig. 3d) illustrates that the NiCo 2 O 4 nanosheets are ultrathin, which are highly accessible for the electrolyte and benecial for the full utilization when used as an electrode material for supercapacitors.
To gain further insight into the morphology and microstructure of the as-prepared 3D vertically aligned CNT/NiCo 2 O 4 core/shell structure, TEM, HRTEM and energy-dispersive X-ray spectroscopy (EDX) are performed. Compared with the TEM image of pure CNTs (see ESI Fig. S4 †) , it is evidently observed that the highly conductive CNT "core" is tightly bonded and totally covered with ultrathin NiCo 2 O 4 nanosheets (Fig. 4a) , forming a typical core/shell heterostructured architecture, which is consistent with the above FESEM observation. Especially, there is no clear interface observed from the TEM image between the CNT "core" and the NiCo 2 O 4 "shell", suggesting the penetrative growth of NiCo 2 O 4 nanosheets onto the CNT array. From the relatively higher magnication TEM image (Fig. 4b) , it can be seen that the thickness of the outer symmetric NiCo 2 O 4 "shell" layer is about 27 nm. Also, it reveals that the as-prepared NiCo 2 O 4 samples are typically nanosheets with small and dense nanopores, which result from the thermal decomposition of the Ni, Co-hydroxide precursor nanosheets. 4 What is more, these small and dense nanopores are advantageous for the ions in and out during the charge/discharge process. The high resolution TEM (HRTEM) examination (Fig. 4c) clearly shows that the lattice phase has random orientation, demonstrating the polycrystalline nature of the as-prepared NiCo 2 O 4 sample. Additionally, the space between adjacent fringes are 0.48 nm and 0.27 nm, which correspond to the (111) and (220) lattice spaces of spinel NiCo 2 O 4 , respectively, which agree well with previous reports.
39 -41 Besides, the EDX spectroscopy (Fig. 4d) , conducted in the blue circle area of Fig. 4b , shows that Ni and Co elements are detected, and the atomic proportion of Ni to Co is close to 1 : 2, in agreement with the stoichiometric ratio of NiCo 2 O 4 . According to the aforementioned morphology and microstructure characterizations of SEM, TEM, XRD and Raman spectroscopy, the vertically aligned CNT/NiCo 2 O 4 core/shell structures have been successfully prepared via a facile electrodeposition method followed by the annealing treatment in air. Cyclic voltammetry (CV), galvanostatic charge/discharge and electrochemical impedance response measurements (EIS) are employed to investigate the electrochemical properties of the obtained vertically aligned CNT/NiCo 2 O 4 core/shell structure as the electrode for supercapacitors. CV tests (Fig. 5a ) are characterized in a three-electrode system with 6 M KOH solution as the electrolyte at the various scan rates in the potential range from 0 to 0.5 V. Clearly, there are two anodic peaks at 0.32 and 0.41 V (corresponding to cathodic peaks at 0.28 V and 0.37 V) observed 
Surprisingly, with 20-fold increase in the scan rate from 5 to 100 mV s À1 , the anodic/cathodic peak shis toward the positive/ negative potential respectively, and the redox current increases. This observation reveals the low resistance of the electrode and the super-fast electronic transport rate between the vertically aligned CNT/NiCo 2 O 4 core/shell structure and the conductive SS substrate, which can be further proved by EIS (see ESI Fig. S5 †) . Besides, it can be seen that the SS substrate-supported bare vertically aligned CNT electrode has a very small area surrounded by the CV curve compared with that of the vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode at the same scan rate, suggesting that the capacitance contribution from the substrate and CNTs is negligible (see ESI Fig. S6 †) . To further calculate the specic capacitance and also understand the rate capability of the vertically aligned CNT/ NiCo 2 O 4 core/shell structure electrode, the charge/discharge measurements are performed with the potential window between 0 and 0.41 V at different current densities (Fig. 5b) . As can be seen from the constant current charge/discharge curves, the shapes of these curves are very similar and show ideal capacitive behavior with very sharp responses and small internal resistance (IR) drops. In addition, it can be clearly observed that the voltage plateaus appearing in the charge/ discharge curves match well with the peaks observed in the CV curves (Fig. 5b) , which further reveals the typical pseudocapacitance behavior of the vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode. The specic capacitances (Fig. 5c) , calculated from the discharge time according to eqn (1), are 695, 656, 638, 591, and 576 F g À1 corresponding to the discharge current densities of 1, 2, 4, 10, and 20 A g À1 , respectively. The specic capacitance gradually decreases with the increase of the current densities from 1 to 20 A g À1 , but the asfabricated vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode still remains nearly 82% of the initial capacitance value even at a high current density of 20 A g À1 , which manifests that the vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode possesses the high specic capacitance and the good rate capability. This is attributed to the unique 3D array structure, which can reduce the diffusion resistance of protons and enhance ion transport during the charge-discharge process at high current densities. Furthermore, such a vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode has much better rate performance compared with the reported NiCo 2 O 4 -based electrode materials, including porous hexagonal NiCo 2 O 4 Table  1 ).
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Energy density and power density are two key factors to evaluate the applications of supercapacitors. A good electrode material is expected to provide high energy density and high capacitance simultaneously at high charge/discharge rates. Therefore, Ragone plots, the relationship between the energy densities and the power densities calculated from the charge/ discharge proles according to eqn (2) and (3), respectively, are presented in Fig. 4d . It can be observed that, with increased power density, the energy density reduces slowly, which reaches 16.4 W h kg À1 at a power density of 118. It is well-known that cycle stability is another parameter of great importance to evaluate the performance of supercapacitors. Thus, the cycle stability of the vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode is examined by the repeated galvanostatic charge/discharge cycle at a current density of 4 A g À1 . As shown in Fig. 6 , it is noted that the specic capacitance is almost constant with only minor uctuations during the long cycle process. Importantly, only 9% of the original capacitance is lost aer 1500 cycles, indicating that this vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode has good long-term cycle stability. This is also proved by the SEM image of the electrode aer long cycling (see ESI Fig. S7 †) . Clearly, as can be seen in the SEM image, the morphology and structure of the vertically aligned CNT/NiCo 2 O 4 core/shell structure are well retained aer 1500 charge/discharge cycles, which strongly demonstrate the good charge/discharge stability and long-term cycle life. Based on the above electrochemical results, the excellent supercapacitive performances of the vertically aligned CNT/ NiCo 2 O 4 core/shell structure electrode, including high specic capacitance, good rate capability and excellent cycle stability, might be attributed to its unique 3D array structure in the following aspects. First, the 3D vertically aligned CNTs "cores" provide a strong skeleton for the NiCo 2 O 4 nanosheets, avoiding their aggregation, retaining the inter-space inside and also the large surface area. Second, the "shell" NiCo 2 O 4 nanosheets with the ultrathin and nanoporous characteristics possess numerous active sites for the redox reaction, ensuring efficient contact between the surface of NiCo 2 O 4 nanosheets and the electrolyte even at high rates, shortening the diffusion pathway and enabling fast ion transport. Third, the open space between the vertically aligned CNT/NiCo 2 O 4 core/shell structures can serve as the ion-buffering reservoirs to minimize the diffusion distance to the interior surfaces, which may accelerate the kinetic process of the ion diffusion in the electrode, hence favoring the high power performance. In addition, highly conductive vertically aligned CNTs directly grown on the SS current collector not only benets the fast electron transfer but also avoids the use of a polymer binder or conductive additive which commonly adds in extra contact resistance. Because of these intriguing advantages, the excellent electrochemical performances have been achieved in the vertically aligned CNT/ NiCo 2 O 4 core/shell structure electrode.
Conclusions
In summary, we have successfully prepared the 3D vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode via a facile electrochemical deposition method and subsequent annealing in air. The as-prepared vertically aligned CNT/NiCo 2 O 4 core/ shell structure electrode exhibits an initial specic capacitance of 695 F g À1 at the current densities of 1 A g À1 and 576 F g À1 at 20 A g À1 . Furthermore, the specic capacitance of the vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode remains 91% of its original capacity at the current density of 4 A g À1 aer 1500 cycles. The high specic capacitance, remarkable rate capability and excellent cycling ability of the composites are attributed to the unique properties of the 3D vertically aligned CNT/NiCo 2 O 4 core/shell structure, which provide numerous electroactive sites for redox reaction, ensure efficient contact between the surface of NiCo 2 O 4 nanosheets and the electrolyte even at high rates, shorten the diffusion pathway and enable fast ion transport. Predictably, the current study probably gives a new insight for designing and synthesizing 3D core/shell structure electrode materials for high-performance supercapacitors and other energy-storage devices.
1 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845. Fig. 6 Variation of the specific capacitance of the vertically aligned CNT/NiCo 2 O 4 core/shell structure electrode as a function of cycle number measured at the current density of 4 A g À1 in 6 M KOH electrolyte. The inset image shows the charge/discharge curves of the 1, 500, 1000 and 1500 cycles.
